ABSTRACT An experiment was conducted to investigate the effects of dietary inclusion of rye, a model ingredient to increase gut viscosity, between 14 and 28 d of age on immune competence-related parameters and performance of broilers. A total of 960 day-old male Ross 308 chicks were weighed and randomly allocated to 24 pens (40 birds per pen), and the birds in every 8 replicate pens were assigned to 1 of 3 experimental diets including graded levels, 0%, 5%, and 10% of rye. Tested immune competence-related parameters were composition of the intestinal microbiota, genes expression in gut tissue, and gut morphology. The inclusion of 5% or 10% rye in the diet (d 14 to 28) resulted in decreased performance and litter quality, but in increased villus height and crypt depth in the small intestine (jejunum) of the broilers. Relative bursa and spleen weights were not affected by dietary inclusion of rye. In the jejunum, no effects on number and size of goblet cells, and only trends on microbiota composition in the digesta were observed. Dietary inclusion of rye affected expression of genes involved in cell cycle processes of the jejunal enterocyte cells, thereby influencing cell growth, cell differentiation and cell survival, which in turn were consistent with the observed differences in the morphology of the gut wall. In addition, providing rye-rich diets to broilers affected the complement and coagulation pathways, which among others are parts of the innate immune system. These pathways are involved in eradicating invasive pathogens. Overall, it can be concluded that inclusion of 5% or 10% rye to the grower diet of broilers had limited effects on performance. Ileal gut morphology, microbiota composition of jejunal digesta, and gene expression profiles of jejunal tissue, however, were affected by dietary rye inclusion level, indicating that rye supplementation to broiler diets might affect immune competence of the birds.
INTRODUCTION
High dietary inclusion levels of rye grain are usually not recommended for growing chickens. The use of rye in broiler diets may be limited due to the presence of soluble non-starch polysaccharides (NSP), particularly arabinoxylans. Arabinoxylans are complex cell wall polysaccharides that create a viscous environment within the intestinal lumen (Smits and Annison, 1996; Jozefiak et al., 2007) . Increased viscosity might impair digestibility and absorption of dietary nutrients, leading to a depression in growth rate and feed conversion ratio (FCR) (Antoniou and Marquardt, 1981; Bedford and Classen, 1993) . The increased viscosity is due to the high levels of soluble carbohydrates in rye, which can hold water in the digesta, producing a thick viscous solution and very wet excreta (Choct and Annison, 1990; Bach Knudsen, 1997; Silva and Smithard, 2002 and Annison (1996) hypothesized that an increased viscosity of the ileal digesta might change the morphology of the villi. Moreover, these authors emphasized that the microbiota may, at least partially, be indirectly responsible for the detrimental effects of viscous digesta. Choct et al. (1992) reported that the deleterious effect of wheat pentosans on the digestibility of long-chain fatty acids was less pronounced in cecectomized broilers, and therefore the anti-nutritive effects of these pentosans in poultry are partially due to an increased activity of hindgut microbiota. In a study of Misir and Marquardt (1978) , relative improvement of performance in broilers was higher if antibiotics were added to a rye-based diet compared to antibiotic supplementation to a control diet, indicating that the microbiota played a larger role in birds fed the rye-based diets. Smits and Annison (1996) reported that fiber viscosity in germ-free chicks had negligible effects on fat digestibility, indicating that viscous NSPs must modify bacterial activity in order to lower fat digestibility. Van der Klis and Van Voorst (1993) reported that carboxymethyl cellulose increased the average retention time of digesta in the gastrointestinal tract, thereby 3324 giving the microbiota more time and more substrate to colonize the proximal small intestine. Feeding broilers a wheat/rye-based diet, high in NSP, seriously affected immunity-related parameters of the birds, as indicated by induced villus fusion, reduced thickness of the tunica muscularis, induced T-lymphocyte infiltration, more and larger goblet cells, more apoptosis of epithelial cells in the mucosa, and a shift in microbiota (Teirlynck et al., 2009 ). In the study described above, however, it was not possible to identify the individual bacterial groups involved in the observed effects. Teirlynck et al. (2009) , observed effects on immune-related parameters of the birds, as indicated by induced villus fusion, reduced thickness of the tunica muscularis, induced T-lymphocyte infiltration, more and larger goblet cells, and more apoptosis of epithelial cells in the mucosa. Smits and Annison (1996) hypothesized that an increased viscosity of the ileal digesta, due to the presence of soluble NSPs, might change the morphology of the villi. These NSPs, when present at the surface of or within the mucus layer, may serve as substrate for microbial growth and may stimulate bacterial proliferation and attachment of bacteria to the mucins and glycocalix. Subsequently, some bacterial species may cause atrophy of the villi (Viveros et al., 1994; Smits et al., 2000) .
Based on the available literature, it was hypothesized that dietary inclusion of rye would increase viscosity of intestinal digesta, consequently resulting in an effect on nutrient absorption, gut wall morphology, composition of microbiota, and immune-related processes in the gut wall. Therefore, it was expected that rye in grower diets of broilers might be a helpful model ingredient to investigate the negative effects of nutrition on the immune competence-related parameters.
MATERIALS AND METHODS
The experimental protocol conformed to the standards for animal experiments and was approved by the Ethical Committee of Wageningen UR, the Netherlands (project number 2013107/protocol number 2013088.c). Animal care guidelines were used as provided by the Euro guide recommendations for animal use for experimental and other scientific purposes (Forbes et al., 2007) .
Experimental Design, Bird Husbandry, and Diets
A total of 960 day-old male Ross 308 chicks, supplied by a commercial hatchery, were weighed and randomly divided among 24 pens and allocated to 3 experimental treatments (8 replicate pens per treatment). All broilers were vaccinated at d 0 (at the experimental farm) against IB and NCD. Broilers were housed in floor pens in a mechanically ventilated room provided with facilities to control temperature, ventilation and lighting.
The surface area of the pens was 1.5 m 2 . Each pen contained a feeding trough and 3 drink cups. Wood shavings were used as bedding material and bedding material was "topped up" (ca. 1 kg/pen) at d 30 due to poor litter condition. The broiler unit was continuously illuminated during the first 2 d. From d 3 onwards the broiler house was illuminated according to the schedule 18L:6D with a light intensity of 20 lux at bird level. Temperature inside the experimental room was increased to 36
• C 1 d before arrival of the chicks. From d 1, the temperature was gradually decreased to 20
• C. Relative humidity was gradually increased from 60 (d 0) to 75% (d 35) during the experiment. For each feeding period, diets were formulated to meet or exceed the nutrient requirements recommended by Ross 308 Guidelines for broiler chickens (Ross 2012) . The broilers received a standard starter (d 0 to 14) and finisher (d 29 to 35) broiler diet, whereas during the grower period (d 15 to 28) 3 experimental grower diets were provided. Besides a 0% rye diet, 2 increment levels (5 and 10%) of rye inclusion were used. To prevent interaction with other insoluble NSP sources, maize (low in insoluble NSP) was included as the main cereal in the diets. Rye was added at the expense of maize. To compensate for the lower energy value of rye compared to maize, the inclusion of lard was increased with increasing rye inclusion level. The effect of rye on gut viscosity and protein metabolism of the gut tissue was more expressed if animal fat was used instead of soybean oil (Dänicke et al., 2000) . Diets were formulated to be iso-nitrogenous and iso-caloric. The diets and water were provided ad libitum. All diets were pelleted (3.2 mm). After pelletizing, the starter diet was crumbled, whereas the grower and finisher diets were provided as pellets. The calculated compositions and chemical analysis of the starter, grower and finisher diets are presented in Table 1 .
Sample Collection
At 14, 21, and 28 d of age, 6 birds per pen were euthanized by electrocution. Subsequently, the chest cavity and the abdomen were opened and the small intestine was ligated and removed from the bird. The digesta of the middle part of the jejunum, defined as the 10 cm before and after the middle of the jejunum, was collected from all birds. The digesta was collected by gently stripping the gut segment into a plastic container. The digesta of all animals per pen were pooled and frozen immediately after collection and then stored at -80
• C until further analysis on microbiota composition. The digesta was collected in the order of pen numbering. Digesta samples were freeze-dried and ground (0.5 mm) by Wageningen Bioveterinary Research (Lelystad, The Netherlands). From all birds, 3 samples (2 cm per sample) of intestinal tissue of the jejunum were collected to analyze intestinal integrity (villus height and crypt depth), number and size of goblet cells, and genomewide gene expression profiling in jejunal tissue. Villus height, crypt depth (μm) and goblet cells were Standardization, 2002) . Starch content was analyzed enzymatically as described by Brunt (1993) . Sugars were extracted from the feed samples, using 40% ethanol, and determined as described by Suárez et al. (2006) . Analysis of NDF was based on a modified method of Van Soest and McQueen (1973), as described by Suárez et al. (2006) . The relative viscosity of the feed samples was measured at 20
• C using a Brookfield viscometer in a model digestion system according to Bedford & Classen (1993) . Body weight of birds was determined per pen at 0, 14, 21, 28, and 35 d of age. Feed intake per pen was determined at 14, 21, 28, and 35 d of age (provided feed minus remaining feed at 14, 21, 28, and 35 d of age). Body weight gain (BWG) and feed conversion ratio (FCR) of broilers in each pen was calculated at the end of each feeding period (at 14, 21, 28, and 35 d of age). Also BWG and FCR for the entire growth period was calculated. Culling, mortality, and general health were recorded daily (including probable causes of any culling, illness, or deaths). Litter quality was visually scored on a 0-to 10-point scale on 21 and 28 d of age by 1 person. Litter quality was scored into 11 categories from 0 (dry and friable litter) to 10 (wet and 100% caked litter).
Microbiota diversity index and microbiota composition of the jejunal digesta were measured in a pooled sample of digesta of 6 birds (content of 2 cm jejunum length per sample) per pen on d 14, 21, and 28. To isolate DNA, samples of d 14, 21, and 28 were mixed in a 1:1 ratio with phosphate-buffered saline (PBS) and centrifuged for 5 min at 4
• C at 300 × g. Supernatant was collected and centrifuged for 10 min at 4
• C at 9,000 × g. DNA was extracted from the most sensitive pellet using the QIAamp DNA Stool Minikit (Qiagen, Venlo, The Netherlands) according to the manufacturer's instructions. Quality and quantity of DNA was checked using the NANOdrop (Agilent Technologies). PCR was used to amplify the 16S rDNA V3 fragment using forward primer V3 F (CCTACGGGAG-GCAGCAG) and reverse primer V3 R (ATTACCGCG-GCTGCTGG). PCR conditions were as follows: 2 m at 98
• C, 15 x (10 s at 98 • C, 30 s at 55 • C, 10 s at 72
• C), 7 min at 72 • C. PCR efficiency was checked on agarose gel by visual inspection. Samples of jejunum were sequenced by targeted-amplicon 16S sequencing and analyzed for taxonomy profile per sample, alpha diversity and beta diversity. This included possible taxonomy association with treatments. Pseudo reads were clustered into OTUs per sample at 97% similarity and OTU-representative sequences were aligned against the aligned Greengenes core set (13 8 release). Chimeras were removed with Chimeraslayer. Standard alpha diversity metrics ("Shannon", based on the species level data) were calculated for the 97% similarity clustering with 94,038 sequences/sample.
Total RNA was extracted from 50 to 100 mg of jejunum and ileal tissue. All samples were homogenized using the TisuPrep Homogenizer Omni TP TH220P) in TRizol reagent (Life Technologies) as recommended by the manufacturer with minor modifications. The homogenised tissue samples were dissolved in 5 mL of TRizol reagent. After centrifugation the supernatant was transferred to a fresh tube. Subsequently, Direct-zol TM RNA MiniPrep Kit by Zymo Research was used as described by the manufacturer. The RNA was quantified by absorbance measurements at 260 nm. Quality Control was performed by Agilent Bioanalyser.
Labeling of RNA was done as recommended by Agilent Technologies, using the One-Color MicroarrayBased Gene Expression Analysis Low Input Quick Amp Labelling. The input was 10 ng of total RNA, and 600 ng of labeled cRNA was used on the 8-pack array. Hybridization was performed as described in the One-Color Microarray-Based Gene Expression Analysis Low input Quick Amp Labelling protocol from Agilent in the hybridization oven (G2545A hybridization Oven Agilent Technologies). The hybridization temperature was 65
• C with rotation speed 10 rpm for 17 h. After 17 h the arrays were washed as described in the One-Color Microarray-Based Gene Expression Analysis Low input Quick Amp Labelling protocol from Agilent. The arrays where scanned using the DNA microarray scanner with SureScan High-Resolution Technology from Agilent Technologies. Agilent Scan Control with resolution of 5 μm, 16 bits and PMT of 100%. Feature extraction was performed using protocol 10.7.3.1 (v10.7) for one-color gene expression.
Data Analysis
The gene data were analyzed by using R (v3.0.2) by executing different packages, including LIMMA and array Quality Metrics. The data were read in and background corrected (method = "normexp" and offset = 1) with functions from the R package LIMMA (Gentleman et al., 2005) from Bioconductor (Gentleman et al., 2004) . Quantile normalisation of the data was done between arrays. The duplicate probes mapping to the same gene were averaged (by using the avereps function in R/Bioconductor) and subsequently the lower percentile of probes were removed in a 3-step procedure: 1) get the highest of the dark spots to get a base value, 2) multiply by 1.1, and 3) the gene/probe must be expressed in each of the samples in the experimental condition. To determine the effect of the experimental treatments on gene expression in intestinal tissue at each time point, six specific contrasts were defined within the R package LIMMA.
The Database for Annotation, Visualization and Integrated Discovery (DAVID version 6.7) website (Huang et al., 2009 ) and the "Set Distiller" module of GeneDecks (Stelzer et al., 2009 ) were used to assign genes to a specific pathway and processes. In comparison to poultry, the human genome is better annotated, and also more information within databases is available. Therefore, all analyses were performed using a human background. In DAVID, both KEGG and Biocarta pathways with a P-value of below 0.2 (EASE score) were retrieved. Functional association between proteins encoded by differential expressed genes, ligands, and enzyme substrates/products linked to these proteins, were established using the (protein)-protein-chemical interaction web tool STITCH 3.1 (Kuhn et al., 2012) . The confidence view, in which stronger associations are represented by thicker lines was used, and by using the "add nodes" function once and subsequently using the "remove nodes" function all output was similar (i.e. independent of ordering in gene list). When indicated the "add nodes" function was used twice, to identify even more additional interaction partners. The output (.txt) from STITCH was imported into Cytoscape (Shannon et al., 2006 ) (3.1.0). To investigate in which processes the "network" genes were involved, these genes were loaded into DAVID again and a Functional Annotation Table was generated using only the KEGG database. To zoom in on the genes in these significant functional annotation clusters, these genes were loaded into the STITCH database. This database contains protein-protein and protein-chemical interactions, which makes it possible to link different genes (nodes) by their interactions (edges), resulting in an interaction network. For each contrast that had one or more significant functional annotation clusters, a network based on the STITCH database was generated.
Statistical Analysis
The experimental data (performance, litter quality and bursa/spleen content) were analyzed using Genstat statistical software (Genstat 8 Committee, 2002) . Statistical significance is declared at P < 0.05, with 0.05 < P < 0.10 considered as a near-significant trend. The P-value of the treatment effect and the LSD (least significant difference (P = 0.05)) were provided per response parameter. Response parameters were analyzed using analysis of variance (ANOVA) according the following model: Y ij = μ + Treatment i + Error ij, Where: Y = response parameter, μ = general mean, Treatment = effect of diet (i = 1. . . 3), and Error ij term. If an overall statistical treatment effect was found (P < 0.05), a Fisher protected t-test was used for analyzing pair-wise differences. Pairwise differences are marked with a letter in superscript.
RESULTS

Diets, Performance, and Litter Quality
The results of chemical analysis of the experimental diets are presented in Table 1 . Analyzed crude protein and crude fat contents were in agreement with the calculated concentrations. The calculated dietary NSP content was higher in the rye-containing grower diets compared to control, whereas the insoluble NSP content remained constant among the grower diets. Performance results and visual scores of the litter quality are presented in Table 2 . No significant treatment effects on performance during the starter period (0 -14 d) were observed. Broilers fed the 10% rye diet (control) showed a decreased BW and BWG between 15 and 21 d compared to the 5% rye diet, whereas the 0% rye diet was intermediate. During d 15 to 21, no effect of rye inclusion on feed intake and mortality was found. FCR, however, was higher for the broilers fed the 10% rye diet, compared to the other treatments, whereas FCR was similar for the 0% rye and 5% rye diet. Between 22 and 28 d BWG, FI and mortality were not significantly affected by dietary treatment, although FCR was higher for the broilers fed the 10% rye diet compared to the 0% and 5% rye diet. During the finisher period (29 to 35 d), no effects of rye inclusion to diet on performance were observed. Diet inclusion of rye did not affect BW, BWG, feed intake, FCR and mortality between 0 and 35 d of age. The control diet, however, tended (P = 0.08) to a more favorable FCR compared to the 10% rye diet, while the 5% rye diet resulted in an intermediate FCR.
Litter quality at d 21 and 28 was negatively affected by diet inclusion level of rye.
Gut Morphology
Results of the villus height, crypt depth (μm), villus/crypt ratio, area of villi covered by goblet cells (%), number of goblet cells per villi and the surface of the goblet cells (μm 2 ) of the jejunum at d 14, 21 and 28 are presented in Table 3 . Although all birds were fed the same standard diet during the starter period, villus height at d 14 was highest in the broilers fed the 0% rye diet compared to the diets with 5% or 10% rye inclusion during the grower period. From d 14 to 21, increase in villus height of broilers fed the 5% and 10% rye diet was more compared to broilers fed the 0% rye diet, resulting in a numerical higher villus height for the broilers fed the 10% rye diet (P = 0.11). Crypt depth was not affected by level of rye inclusion at d 28. At d 21, crypt depth of broilers fed the 10% rye diet tended (P = 0.07) to increase compared to birds fed control diet, while the birds fed the 5% rye diet showed an intermediate result.
From d 14 to 21, the decrease in crypt depth showed a linear trend with increasing levels of rye inclusion in the diet. Between 21 and 28 d of age, crypt depth decreased more in broilers fed the 10% rye diet compared to birds fed the 0% rye and 5% rye diet. No effects of diet inclusion of rye on villus-crypt ratio and area of villi covered by goblet cells (%) were found. The rye inclusion level did not affect the number of goblet cells per villus ratio and the surface of the goblet cells at d 21. At d 28, the 5% rye diet showed a tendency (P = 0.09) to an increased surface of goblet cells compared to the surface of goblet cells in broilers fed the 0% and 10% rye diets.
Relative Weight of Bursa and Spleen
Relative weight of bursa and spleen (% of BW) at d 14, 21, and 28 are presented in Table 3 . No effects of rye inclusion in broiler diets on relative bursa and spleen weight (% of BW) were found. 1 Litter quality score ranged from 0 (wet and 100% caked to 10 (dry and friable litter).
Microbiota in the Jejunal Digesta
No main effects of age and dietary inclusion level on diversity of microbiota were found. No significant effect of rye inclusion was found on the Shannon microbiota diversity index at d 21 and 28 (data not shown). Effects of rye inclusion level on the most abundant microbiota species (% of total) in jejunal digesta at d 21 and 28 are presented in Table 4 and 5, respectively. Although the diversity index was not affected by dietary treatments, some changes in individual microbial species were observed. Microbiota composition at d 21 was affected by rye inclusion level. The share of Lactobacillus reuteri linearly increased from 28.0 to 39.0% with increasing rye inclusion level, mainly at the expense of other Lactobacilli (undefined species). The share of total Lactobacilli species was higher for the 5% rye diet (85.6%) compared to the control (78.1%) and 10% rye diets (78.8%). The other species showed more diffuse changes independent to dietary rye content. Microbiota composition at d 28 was affected by inclusion level of rye to diet (Table 5 ). The share of Lactobacillus reuteri, Staphylococcus saporphyticus, and Aerococcaceae decreased with increasing inclusion level of rye to diet. In contrast, the share of Lactobacillus (undefined species; from 16.2 to 22.3%) and Lactobacillus salivarius (from 11.8 to 13.5%) was found to increase with increasing rye inclusion. At d 28, Lactobacilli species still were the most dominant ones, contributing for 73.8%, 80.1%, and 76.1% to the total microbiota when providing the 0%, 5% and 10% rye diets, respectively. On average, at d 28 the share of Lactobacillus reuteri as percentage of the total microbiota was 8.4% higher compared to d 21, which was mainly compensated by a lower share of Lactobacillus (unspecified species; -10.6%) and Lactobacillus salivarius (-1.9%).
The quantitative number of gut bacteria in the current study was not affected by dietary treatments at d 21 and 28 (data not shown). Therefore, differences in proportions of species and absolute microbial load were not interfering.
Gene Expression
To explore the gene expression data in the jejunal tissue, first a 2-dimensional principal component analysis was performed on 63 samples (9 samples were considered as outlier after quality control). As presented in Figure 1 , genome-wide gene expression of Table 3 . Villus height and crypt depth (μm), change of villus height and crypt depth (μm), villus-crypt ratio and villus covered by goblet cells (%), goblet cells per villi (#) and surface of goblet cells (μm 2 ), bursa and spleen (% of BW) of the jejunum at 14, 21, and 28 d of age. An overview of the significant number of probes and annotated genes, and their respective up-or downregulation, is given in Table 6 . At d 21, 103 genes of the jejunal mucosa were down-regulated in the birds fed the 5% and 10% rye diet, whereas 16 and 3 genes were up-regulated, respectively, as compared to the birds fed the control diet. Compared to the birds on the 5% rye diet, at d 21, 12 genes of the jejunal mucosa were downregulated in the birds fed the 10% rye diet, whereas 8 genes were up-regulated. At d 28, 89, and 94, genes of the jejunal mucosa were down-regulated in the birds fed the 10% rye diet compared to the 0% and 5% rye diet, whereas 7 and 2 genes were up-regulated, respectively. Compared to the birds fed the control diet, 6 genes of the jejunal mucosa were down-regulated in the birds fed the 5% rye diet, whereas 4 genes were up-regulated at d 28.
To investigate in which processes these up-or downregulated genes were involved, a functional analysis for all 6 contrasts was performed by the DAVID web tool at d 21 (Table 7 ) and d 28 (Table 8) . Only significant effects (Enrichment Score above 1.3) are presented. Dietary inclusion of rye, however, affected expression of genes in the small intestinal tissue involved in cell cycle processes of the epithelial gut cells, including cell proliferation, cell differentiation, cell motility, and cell survival, as well as in the complement and coagulation cascade.
Functional Association and Data Mining
In order to investigate the general trend in the up-or down-regulated genes, irrespective of treatment or time, and their corresponding processes, a merge of multiple networks was performed, resulting in 2 "merged" networks, one for down-regulated genes (Figure 2 ) and one for up-regulated genes (Figure 3) . Surprisingly, in both the up-and down-regulated network the ErbB signaling pathway was found to be affected by dietary treatment. These data together suggest that jejunal cell proliferation/differentiation is affected by the inclusion of rye in the diet. In contrast, the network of downregulated genes affected by dietary treatment (and their interaction partners) were mainly related to 'cell cycle' processes. Overall, these data show that intestinal cell 
DISCUSSION
Broiler Performance and Digesta Viscosity
Rye contains high levels of soluble carbohydrates (arabinoxylans), which can hold water in the digesta, consequently producing a thick viscous solution and very wet excreta (Choct and Annison, 1990; Bach Knudsen, 1997; Silva and Smithard, 2002) . In studies of Dänicke et al. (2000; 2003) , the viscosity of jejunal and ileal digesta in broilers were significantly increased in broilers fed a diet containing 56% rye. Tellez et al. (2015) also indicated that dietary rye supplementation (37%) increased intestinal viscosity of turkey poults. In the current experiment, the soluble NSP content increased with increasing dietary rye supplementation, and as a consequence, the analyzed viscosity of the diets doubled after inclusion of 5% rye and quadrupled after inclusion of 10% rye. This might reflect the contrasts in viscosity of the intestinal digesta in vivo. Moreover, litter quality during the grower period decreased with increasing dietary rye content of the grower diets, which also might be an indicator of increased gut viscosity.
It has been shown that increased viscosity impairs digestibility and absorption of dietary nutrients, leading to a depression in growth rate and FCR (Antoniou and Marquardt, 1981; Bedford and Classen, 1993) . Langhout (1998) showed a 15% decrease in BWG and a 13% increase in FCR in broilers after feeding a diet included 25% rye between 1 and 21 d of age. In line with these results, in the current experiment, BWG and FCR only worsened in broilers fed the 10% rye diets in the grower-1 period (d 15 to 21), whereas in the grower-2 period (d 22 to 28) only FCR worsened in the 10% rye treatment. Similarly with our findings, Teirlynck et al. (2009) did not find an effect of 5% rye inclusion to diet on broilers during the entire growth period (1 to 42 d). Most of the studies provided the rye supplemented diets from d0 onwards, which might be much harmful compared to starting at d14 as applied in the current study. Moreover, the maximum dosage of rye in the current study was 10%, which is rather low compared to several other reported studies. The specific conditions, e.g., the higher age at which the rye-based diets were provided, as well as the low dietary rye inclusion level, might explain the absence of dramatic reducing effects on performance in the current experiment.
Gut Morphology
Dietary fiber may increase the secretion of mucus, which is produced by goblet cells in the intestinal mucosa (Satchithanandam et al., 1990) . Therefore, it was hypothesized that providing rye-rich diets to broilers would affect goblet cell parameters. In the current experiment, however, dietary rye level did not affect the number and size of the goblet cells, nor their covered surface area on the villi. In contrast to our findings, Teirlynk et al. (2009) , who fed broilers a wheat/ryebased diet high in NSP from d 0 onwards, observed more and larger goblet cells, both on the villi and in the crypts at the age of 29 d in broilers given the wheat/rye diet compared to those given a maize diet. The goblet cell parameters in the current study were determined in the jejunum, whereas Teirlynk et al. (2009) measured these parameters in more distal gut segments (ileum and caecum). Probably, differences in age at which the rye-rich diet was provided, or differences in selected gut segments between both studies might be responsible for the different findings.
Several authors observed similar or reduced villi length in broilers fed rye-based diets (Mathlouthi et al., 2002; Teirlynck et al., 2009 ). In the current experiment, however, increased villi length was observed at d 21 in birds fed the 10% rye diet. In contrast to their working hypothesis, Smits et al. (2000) also concluded that addition of non-fermentable carboxymethylcellulose to a broiler diet exerted an increasing instead of a decreasing effect on the jejunal villus length. These authors attributed this effect to the non-fermentable NSP source used to increase gut viscosity, which was supported by data of Langhout et al. (1999) . In a study by Iji et al. (2001) , in which a diet including alginic acid (AL; a non-viscous NSP) was compared with gum arabic (GA, predominantly galacto-araban), also increased ileal villus height was detected in birds fed the viscous GA diet. Based on these findings, it can be hypothesized that in birds fed viscous diets villi length increases, probably in an attempt to maintain nutrient absorption level by the villi.
Gut Microbiota
To maintain normal intestinal physiology, a balance between beneficial and pathogenic bacteria is important, as this balance has direct effects on immune function and nutrient digestion and absorption. A healthy and diverse microbiota composition acts as a barrier to potentially pathogenic microorganisms (Klosterbuer et al., 2011 ). In the current experiment, microbiota composition was affected by rye inclusion level, with at d 21 an increasing share of Lactobacillus reuteri if rye inclusion level increased, whereas at d 28 the shares of Lactobacillus reuteri, Staphylococcus saporphyticus, and Aerococcaceae decreased with increasing inclusion level of rye to diet. Smits and Annison (1996) emphasized that the change in microbiota composition or activity may, at least partially and indirectly, be responsible for the detrimental effects of viscous digesta. Choct et al. (1992) reported that the deleterious effect of wheat pentosans on the digestibility of long-chain fatty acids was less pronounced in cecectomized broilers, and therefore the anti-nutritive effects of these pentosans in poultry should be partially the result of an increased activity of hindgut microbiota. In a study of Misir and Marquardt (1978) , relative improvement of performance in broilers was higher when antibiotics were supplemented to a rye-based diet compared to antibiotic supplementation to a control diet, indicating that the microbiota played a larger role in reducing performance level in birds fed the rye-based diets. Smits and Annison (1996) reported that fiber viscosity in germ-free chicks had negligible effects on fat digestibility, which indicates that viscous NSPs must modify bacterial activity resulting in reduced fat digestibility. Van der Klis and Van Voorst (1993) reported an increased average retention time of digesta in the gastrointestinal tract after adding carboxymethylcellulose to the diet, thereby providing the microbiota more time and more substrate to colonize the proximal small intestine. In addition, Langhout et al. (1999) showed that the inclusion of water-soluble pectins in diets of chicks increased the numbers of ileal microbes. The magnitude of these changes depended on the degree of methylation of the pectins. Numbers of enterococci, Bacteroidaceae, clostridia, and E. coli were increased with dietary addition of high-methylated citrus pectin, whereas inclusion of low-methylated citrus pectin in the diet only increased the number of Clostridia. Teirlynck et al. (2009) also observed a shift in microbiota composition in broilers fed a wheat/rye-based instead of a maize-based diet. A significant increase in the numbers of total lactic acid bacteria were detected in the duodenum, ileum, and ceca of young broilers fed a diet containing 58% of rye compared to the broilers fed cornrich diet (Tellez et al., 2014) . In addition, total numbers of coliforms in duodenum and ileum increased as well, whereas, an increase in total number of anaerobes was observed only in the duodenum (Tellez et al., 2014) . Although the changes in microbiota composition differed among the mentioned rye studies, the general trend is an increase in numbers of microbiota because of feeding rye-based diets to broilers.
In the current experiment, the share of Lactobacillus reuteri increased with higher dietary rye inclusion levels in birds that were fed these diets for 7 d. Lactobacillus reuteri has been described as probiotic, and it was found to be involved in the regulation of tight junction protein expression (Yang et al., 2015) .
Gene Expressions of Gut Mucosa
In both the up-and down-regulated network of the current experiment the ErbB signaling pathway was found to be affected by the dietary rye content. The ErbB signaling pathway is directly associated with (muscle) cell survival and repair (Golding et al., 2007) and has cytoprotective properties (Napper et al., 2015) , indicating that it provides protection to cells against harmful agents via the production of chemical compounds. An anti-apoptotic survival mechanism was demonstrated in activated skeletal muscle stem cells, as a result of higher expression of ErbB receptors (Golding et al., 2007) . Activation of the ErbB signaling pathway was also observed in breast muscle cells of chickens that were exposed to cold stress, which might damage body tissues (Napper et al., 2015) .
The TGF-beta pathway was down-regulated in the rye-fed birds. TGF-beta is involved in the regulation of healing processes in cells. TGF-beta is also able to stimulate the production of IgA-inducing cytokines, that might provide immune protection in a non-inflammatory manner (Karoffova et al., 2015) , although it is suggested that this pathway is also responsible for an acute inflammatory response to muscle damage (Napper et al., 2015) . In the experiment of Napper et al. (2015) , the TGF-beta signaling was up-regulated in thigh muscles of both hot and cold stressed chickens.
The mTOR signaling pathways was also downregulated in the enterocyte cells of the birds fed the rye-based diets. Signaling through the mTOR pathway promotes anabolic processes in response to growth factors, nutrients (amino acids and glucose), and stress (Wullschleger et al., 2006) . A central role of the mTOR system is in the regulation of protein synthesis (Wang and Proud, 2006) . Moreover, the mTOR signaling pathway is a key player in linking extracellular milieu and intracellular metabolism, and it is a sensor of inflammation (Kogut et al., 2016) . mTOR plays a role in cell growth and metabolism, like synthesis of proteins, glycogen, and fatty acids. In Salmonella-challenged chickens, pro-inflammatory cytokines and chemokines were produced as activation of innate immunity, and this production was supported by mTOR-mediated protein synthesis (Kogut et al., 2016) . Dietary inclusion of rye, therefore, seemed to be associated with processes related to cell repair and survival (ErbB signaling pathway), regulation of healing and production of IgA (TGF-beta signaling pathway), and with anabolic processes in cells, as well as in the activation of innate immunity (mTOR signaling pathway). These processes seem to be consistent with the observed increased villus height and crypt depth in birds fed the 5% or 10% rye diets. In addition, providing rye-rich diets to broilers affected the complement and coagulation pathways, which among others are parts of the innate immune system (Ali et al., 2012; Xu et al., 2016) . These pathways are involved in eradicating invasive pathogens. Within the framework of the current study, the used experimental diets were also tested in an in vitro bioassay using cultured intestinal porcine epithelial cells (IPEC-J2). In this assay, the effect of dietary rye supplementation on gene expressions of the IPEC-J2 cells were also determined, thereby evaluating the capability of this assay to predict enterocyte-specific physiological and immunological processes induced by nutrients/additives in the intestines of farm animals. Based on the gene expressions, it is concluded that rye influenced processes related to cell cycle progression in the IPEC-J2 cells, and showed only limited effect on genes related to immunological processes (Hulst et al., 2017) .
It is concluded that inclusion of 5% or 10% rye to the grower diet of broilers in the current study had limited effects on performance. Ileal gut morphology, and microbiota composition of jejunal digesta were affected by dietary rye inclusion levels, although changes are not directly associated with deterioration of the results. In addition, dietary rye inclusion affected gene expression of jejunal tissue involved in cell cycle processes of the epithelial gut cells, thereby influencing cell growth, cell differentiation and cell survival. This observation is consistent with the observed differences in the morphology of the gut wall, e.g., longer villi and deeper crypts. Rye influenced processes related to cell cycle progression in the IPEC-J2 cells, and showed only limited effect on genes related to immunological processes.
